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Raw kaolinite was modiﬁed with triethanolamine (TEA), in an attempt to create a new support for the
immobilization of metalloporphyrins. Anionic metalloporphyrins containing Fe3+ or Mn3+ as metallic
centers were immobilized on the prepared support, and the obtained solids were characterized by Fou-
rier-transform infrared (FTIR) spectroscopy, X-ray powder diffraction (XRPD), thermal analysis (thermo-
gravimetric and differential thermal analyses – TGA/DTA), and scanning electron microscopy (SEM). The
solids were used in heterogeneous oxidation catalysis of cyclooctene and cyclohexane. The yields from
the oxidation of cyclooctene depended on the amount of TEA and/or water present in the solids. Good
reaction yields were obtained for the oxidation of cyclohexane, with selectivity for the alcohol. In one
speciﬁc case, a possible co-catalytic activity was veriﬁed for TEA during the oxidation of cyclohexane.
 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction interlayer surfaces. One of the sides of the layer resembles theThe efﬁcient and selective catalytic activity of biological sys-
tems has stimulated biomimetic studies on metallocomplexes, in
an attempt to reproduce these properties in vitro [1–3] and to
glimpse the use of these materials for industrial applications [3].
Synthetic macrocyclic compounds such as porphyrins, tetraa-
zanules, and phthalocyanines, among others, are able to form com-
plexes with different transition metals in a wide range of oxidation
states [4,5], thereby giving rise to models for biological systems
like the cytochrome P-450. This cytochrome is an excellent catalyst
for the oxidation of organic substrates in living organisms [6]. In-
deed, P-450 mimics have been synthesized in the laboratory, such
as the metalloporphyrins [7,8].
In order to create solids that are more resistant to the drastic
conditions of oxidation reactions and that can be recovered and re-
used, metalloporphyrins immobilized onto a wide range of sup-
ports have been prepared by different research groups around
the world [3,8–10]. Polymers [9,11], raw clay minerals [12,13],
and anionic exchangers like layered double hydroxides [14,15],
among others [16,17], are some of the supports that have been em-
ployed for the immobilization of metalloporphyrins.
Raw kaolinite, a clay mineral of the 1:1 type with the minimal
formula Al2Si2O5(OH)4, exhibits good features for use as support
[7,17]. Kaolinite is a dioctahedral aluminosilicate with two distinctevier OA license. structure of gibbsite, with aluminum atoms octahedrally coordi-
nated to corner oxygen atoms and hydroxyl groups. The other side
of the layer is constituted by a silica-like structure, where the sili-
con atoms are tetrahedral coordinated to oxygen atoms. The adja-
cent layers are held together by hydrogen bonds involving the
aluminol (Al–OH) and siloxane (Si–O) groups [19]. An important
characteristic of this mineral clay is the asymmetry of its interlayer
space, which displays Al–OH groups in one layer surface and the
Si–O group in the other. The Al–OH group can be submitted to
chemical modiﬁcation (grafting reactions) using adequate organic
molecules, such as alcohols or silanes [18,20]. The grafting with or-
ganic molecules can alter the surface properties of kaolinite, giving
rise to a less polar character and facilitating its interaction with
polymers, catalysts, and organic substrates [21,22].
In this work, raw kaolinite has been modiﬁed with triethanola-
mine (TEA) and used as support for the immobilization of an
iron(III) and a manganese(III) porphyrin (FeP and MnP, respec-
tively). The catalytic activity of the obtained solids in the oxidation
of cyclohexane and cyclooctene was investigated, using iodosyl-
benzene as the oxygen donor.
2. Experimental
2.1. Reagents
All the chemicals used in this study were purchased from Al-
drich, Sigma, orMerck, andwere of analytical grade. Iodosylbenzene
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[23]. The solid was carefully dried under reduced pressure and kept
at 5 C; its puritywas periodically controlled by iodometric titration
[24]. Kaolinitewasmined in the state of Pará (Rio CapimBasin), Bra-
zil, and used without any prior puriﬁcation.
2.2. Porphyrins and metalloporphyrins
The anionic free base porphyrin (MP) Na4[H2(TDFSPP)] and its
corresponding iron(III) or manganese (III) complexes([Fe(TDFSPP)
Na4]+ = [tetrasodium – 5, 10, 15, 20 – tetrakis (2,6-diﬂuoro-3-sulf-
onatophenyl) porphyrinate iron(III)] – FeP or [Mn(TDFSPP)Na4]+ =
[tetrasodium – 5, 10, 15, 20 – tetrakis (2,6-diﬂuoro-3-sulfonatoph-
enyl) porphyrinate manganese(III)] – MnP) were synthesized, puri-
ﬁed, and characterized following a previously described method
[25]. Fig 1 shows the schematic representation of the porphyrins
used in the present study.
For the sake of simpliﬁcation, these metalloporphyrins will be
represented in this work by [Fe(TDFSPP)] – FeP, and [Mn(TDFSPP)]
– MnP, respectively, so hereafter no mention of the metalloporphy-
rin charges will be made, to avoid repetition. The Soret bands of the
FeP and MnP obtained after the metal insertion reaction were the
following: FeP (water) 389 nm, e = 65  103 L mol1 cm1; FeP
(methanol) 390 nm, e = 12  104 L mol1 cm1; MnP (water)
459 nm, e = 71  103 L mol1 cm1; and MnP (methanol) 458 nm,
e = 18  104 L mol1 cm1.
2.3. Modiﬁcation of kaolinite with TEA
Raw kaolinite (5.7 g) was placed in a ﬂask, and dimethylsulfox-
ide (DMSO, 80 mL) was added. The ﬂask was sealed and kept on the
bench for 6 weeks, under sporadic manual shaking. The ﬁnal sus-
pension was centrifuged at 4000 rpm, and the resulting solid was
washed 3 times with 1.4-dioxane (previously dried with 3 Å
molecular sieves) and dried in air at 80 C [26]. The obtained solid
(4.4 g) containing DMSO intercalated between the layers of the
kaolinite was denominated K-DMSO.
Next, modiﬁcation/functionalization of the kaolinite was per-
formed following the methodology described by Dettelier, with
some modiﬁcations [27]. Five solids were prepared, and the spe-
ciﬁc conditions of each experiment are summarized in Table 1. In
general, the synthesis of the solids was based on the following pro-
cedure: a known mass of K-DMSO was transferred to a two-neck
ﬂask, and an aliquot of TEA (wet or previously dried with 3 Å
molecular sieves) was added. The system was heated and kept un-
der magnetic stirring and argon ﬂow. The ﬁnal brown suspension
was centrifuged at 8000 rpm, and the obtained solid was washed
twice with 1.4-dioxane (also dried with 3 Å molecular sieves)
and dried under air. The samples of K-DMSO modiﬁed with TEA
received codes as described in Table 1.Fig. 1. Structure of the metalloporphyrins employed in this study:
[X(TDFSPP)Na4]+ = [tetrasodium – 5, 10, 15, 20 – tetrakis (2,6-diﬂuoro-3-sulfona-
tophenyl) porphyrinate iron(III) or manganese(III)].2.4. Immobilization of metalloporphyrins on K-DMSO modiﬁed with
TEA (KT solids)
A known mass of each metalloporphyrin (details in Table 2), the
support (KT solids), and the solvent (water or methanol) were
added to a tube and kept under magnetic stirring for 24 h, at room
temperature and pressure. The ﬁnal suspension was centrifuged,
and the solid was exhaustively washed with the reaction solvent
and dried at 80 C, for 24 h. The supernatant was placed in volu-
metric ﬂasks for posterior analysis by UV–Vis spectroscopy and
determination of the degree of metalloporphyrin immobilization.
The metalloporphyrins were also immobilized on K-DMSO, in or-
der to compare the effects of TEA on the catalytic behavior of each
obtained solid. The experimental procedure was the same as that
used for the KT solids (Table 2).
After use, all the reagents were discarded in an appropriate
container for later treatment and reuse, or for ﬁnal disposal.2.5. Heterogeneous oxidation of cyclooctene and cyclohexane by PhIO
using metalloporphyrins immobilized on KT and K-DMSO solids as
catalysts
The solids obtained by immobilization of the anionic FeP and
MnP on TEA-modiﬁed kaolinite (KT solids) and K-DMSOwere used
as catalysts for the oxidation of cyclooctene and cyclohexane by
PhIO [8,12,14]. The reactions were carried out in a thermostatic
glass reactor (2 mL) equipped with a magnetic stirring bar
[8,12,18]. The catalyst and PhIO were suspended in solvent
(0.300 mL acetonitrile), and the substrate (cyclooctene or cyclo-
hexane) was then added to the reaction mixture, resulting in a con-
stant compound/oxidant/substrate molar ratio of 1:20:2000. The
oxidation reaction was allowed to proceed for 1 h, under magnetic
stirring. Sodium sulﬁte was added to the reaction mixture, in order
to eliminate excess PhIO and to quench the reaction after the
experimental time was over. The solution containing the reaction
products was separated from the solid catalyst by centrifugation
and transferred to a volumetric ﬂask. The catalyst was washed sev-
eral times with methanol and acetonitrile, in order to extract any
reaction product that might have been retained in the solid. The
solution containing the ﬁnal reaction products and the solvents
from the washing process was analyzed by gas chromatography.
Product yields were quantiﬁed on the basis of PhIO by using the
internal standard methodology. Control reactions were carried
out using the same procedure described above, but with the fol-
lowing reactants: (a) substrate + PhIO, (b) substrate + PhIO + K-
DMSO, and (c) substrate + PhIO + TEA-modiﬁed kaolinite (without
FeP or MnP). The reaction solution was periodically analyzed by
UV–Vis spectroscopy, in order to detect if any metalloporphyrin
was leached from the support during the catalytic reaction.
The corresponding FeP and MnP in solution were also investi-
gated as catalysts (homogeneous catalysis). The experimental pro-
cedure in this case was similar to that used for the heterogeneous
catalysis.
In order to investigate the recyclability capacity of the catalytic
solids, two catalyst reuse tests were also performed with the solids
KT5-MnP and KT5-FeP, using cyclooctene as substrate. For this
purpose, at the end of the ﬁrst reaction, the catalyst was separated
from the solution reaction and extensively washed with water,
methanol, and acetonitrile, in this sequence, and dried in an oven
at 70–100 C. All the solvents used in the washing procedure were
analyzed by UV–Vis spectroscopy, so as to detect possible metallo-
porphyrin leaching from the support during the washing process.
The same reaction procedure described above was employed dur-
ing the reuse of the catalyst.
Table 1
Speciﬁc experimental conditions utilized in the preparation of TEA-modiﬁed kaolinite.
K-DMSO mass (g) TEA Temperature (C) Time (h) Obtained mass (g) Code
Volume (mL) Conditiona
0.53 15 Dry 170 2 0.47 KT1
1.02 20 Wet 210 1 0.50 KT2
1.05 20 Dry 160 3 0.86 KT3
1.52 15 Dry 170 2 1.17 KT4
0.78 20 Wet 180 3 0.72 KT5
a Condition: Previously dried with 3 Å molecular sieve or wet (without previous treatment).
Table 2
Speciﬁc experimental conditions for the preparation of metalloporphyrins immobilized on TEA-modiﬁed Kaolinite.
Run Employed
support
TEA
(%)a
Employed
complex
Complex mass
(mg)
Support mass
(mg)
Solvent Volume
(mL)
MP loading
(mol/g)b
Immobilization
degree (%)
Sample
code
1 KT1 71 FeP 5.2 100 2.5c 7.5  106 18 KT1-FeP
2 KT2 52 FeP 5.2 100 2.5c 13  106 31 KT2-FeP
3 KT3 77 FeP 13.2 201 50c 6.1  106 12 KT3-FeP
4 KT4 70 FeP 7.0 298 5d 10.4  106 56 KT4-FeP
5 KT5 2 FeP 5.9 241 5c 15.6  106 80 KT5-FeP
6 K-DMSO – FeP 6.5 324 7d 14.8  106 93 K-FeP
7 KT3 77 MnP 11.2 208 50c 10.5  106 25 KT3-MnP
8 KT4 70 MnP 7.4 290 5d 12.3  106 61 KT4-MnP
9 KT5 2 MnP 5.0 237 5c 4.10  106 24 KT5-MnP
10 K-DMSO – MnP 7.2 300 7d 12.2  106 64 K-MnP
FeP = [Fe(TDFSPP)]Cl and MnP = [Mn(TDFSPP)]Cl.
a Percentage of TEA in the kaolinite after the reaction of K-DMSO with TEA as estimated by XRD.
b Mol of metalloporphyrin per mass of modiﬁed clay.
c Water.
d Methanol.
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and K-DMSO solids
For the X-ray powder diffraction (XRPD) measurements, self-
oriented ﬁlms were placed on neutral glass sample holders. XRPD
patterns were acquired in the reﬂection mode by using a Shimadzu
XRD-6000 diffractometer operating at 40 kV, 40 mA, and using Cu
a radiation (k = 1.5418 Å) and a dwell time of 2min1.
Fourier-transform infrared (FTIR) spectra were recorded on a
Biorad 3500 GX spectrophotometer in the range of 400–
4000 cm1. KBr was crushed with a small amount of the solids,
and the spectra were collected with a resolution of 4 cm1 and
accumulation of 32 scans.
Thermogravimetric and differential thermal analysis (TGA/DTA)
were carried out on a Thermal Analyst TA Instrument Mettler To-
ledo 851 Simultaneous DTA-TGA-DSC. The measurements were
performed under an oxygen ﬂow of 50 mL min1, at a heating rate
of 10 C min1, in the range from 25 to 1000 C.
Scanning electron microscopy (SEM) of the samples was con-
ducted by employing either a JEOL 5190 microscope operating at
15 keV or a JEOL JSM-6360LV operating at 15 keV. A small amount
of the sample was placed on a sample holder, which was submitted
to a gold metallization process and measured in the scan mode. All
the products from the catalytic oxidation reactions were identiﬁed
using a Shimadzu GC-14B gas chromatograph (ﬂame ionization
detector) equipped with a DB-WAX capillary column with a length
of 30 m and an internal diameter of 0.25 mm (J&W Scientiﬁc). The
oven temperature program used for the determination of the oxi-
dation products from cyclooctene and cyclohexane started at
100 C; the temperature was increased to 150 C at 10 C min1,
followed by further temperature rise to 200 C at 50 C min1,
which was maintained for 1 min.3. Results and discussion
3.1. Modiﬁcation of kaolinite with TEA
The functionalization of kaolinite with TEA (modiﬁcation reac-
tion) consists of a condensation [25] between the alcohol functions
of TEA with the aluminol groups located at the surfaces or edges of
the layers of the layered crystals of kaolinite [8,21,22,26–28]. This
results in a covalent bond between the organic molecule and the
inorganic solid support. To facilitate the exposure of the kaolinite
hydroxyl groups and consequently promote their reaction with
the alcohol group of TEA, a pre-expansion with DMSO is necessary
[20].
Fig 2 depicts the XRPD patterns of the obtained solids. Analysis
of the raw kaolinite (Fig. 2a) evidences the characteristic pattern of
this class of compound [19], with the high intense peaks at 12.4
and 24.9 (2h), which correspond to a basal distance of 7.14 Å
[8]. Compared to the raw kaolinite, there is a large decrease in
the peak intensity at 12.4 (2h) and the appearance of two peaks
at 7.9 and 23.9 (2h) in the XRPD of the K-DMSO solid (Fig. 2b),
which indicates the formation of a new phase with a basal distance
of 11.2 Å, assigned to the DMSO intercalated into kaolinite [28].
The intensities of the non-basal peaks are diminished, due to
the texturized effect of the intercalated kaolinite. When the inten-
sities of the basal peaks of the layered samples are compared, the
percentage of each phase in the material can be estimated. In the
case of K-DMSO, 92% of the sample is relative to the DMSO inter-
calated phase, while 8% correspond to the pure kaolinite phase,
in accordance to literature data [26].
Compared to K-DMSO, there are some modiﬁcations in the case
of the solids resulting from the reaction between K-DMSO and TEA
(KT1 to KT5) (Fig. 2c to g), including an increase in the peak
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broadening of the peaks. This behavior can be explained by the
mechanism of TEA insertion between the layers, which necessarily
displaces DMSO molecules from the interlayer space. If this diffu-
sion reaction does not occur efﬁciently, DMSO molecules can leave
the interlayer space faster than TEA enters it, and the layer conse-
quently collapses back to the structure of disordered kaolinite.
Another factor that probably contributes to the efﬁcient
removal of DMSO from the interlayer spaces and to the consequent
modiﬁcation of kaolinite with TEA is the presence of water. In reac-
tions conducted with TEA previously dried with molecular sieves,
namely in the case of the solids KT1, KT3, and KT4, the intercala-
tion ratios are 71%, 77%, and 70%, respectively. In reactions accom-
plished with wet TEA, more speciﬁcally solids KT2 and KT5, the
intercalation ratios are 52% and 0%, respectively. Moreover, it is
possible to observe the effect of the reaction time and temperature
for the two solids KT2 and KT5. The reaction vessel was gradually
heated up to 180 C in the case of the solid KT5, where as the reac-
tion vessel was directly inserted into the reaction bath at 140 C in
the case of the solid KT2. The abrupt heating of the KT2 reaction
system probably contributes to the faster evaporation of water
from the solid, which causes less pronounced collapse of the
K-DMSO phase, as compared to the KT5 solid. In the latter solid,
the slow evaporation of water is most likely responsible for the
total collapse of the intercalated K-DMSO to kaolinite.
Compared to the K-DMSO solids, there are smaller variations in
terms of peak position for all the KT solids. This is indication of dif-
ferent arrangements of the molecules between the layers of
kaolinite.
The FTIR spectrum of the raw kaolinite (Fig. 3a) displays the
characteristic four bands in the 3700–3600 cm1 region, assigned
to different hydroxyl groups [18].
The bands at 3695, 3669, and 3652 cm1 are ascribed to the
vibrations of the inner-surface hydroxyls in the kaolinite layers,
while the band at 3620 cm1 is due to inner hydroxyl [29]. The
bands relative to Si–O stretching can be observed between 1120
and 1000 cm1 [30]. Compared to the spectrum of the raw kaolin-
ite, new bands appear at 1320 cm1and at 960 cm1 in the spec-
trum of K-DMSO (Fig. 3b), and they can be attributed to
vibrations of the S@O group. Bands relative to CAH stretching
can be observed at 3020 and 2935 cm1 [31], which attests to
the presence of DMSO in the solid. Changes can be visualized in
the region of hydroxyl vibration, such as the reduction in the inten-
sity of the band at 3695 cm1 and the coalescence of the bands at
3669 and 3652 cm1 into one single band, whilst the band at
3620 cm1 is maintained. The intercalation of DMSO generates
hydrogen bonds between the hydroxyl groups and the S@O groups
present in the layers, thereby creating new vibration modes around
3500 cm1 [29].
The FTIR spectra of all the KT solids (Fig. 3c–g) are very similar
to that of the raw kaolinite. The bands relative to DMSO disappear,
indicating that the phases observed by XRPD analysis can be attrib-
uted to the intercalation of TEA. The region related to carbonic
chain vibration (3100–2800 cm1) also undergoes alterations, as
compared to K-DMSO. Three bands corresponding to CAH groups
of TEA (2957, 2878 and 2818 cm1) are observed for KT1, KT2,
and KT4 (Fig. 3h) [32]. As for KT3 and KT5, besides the three
CAH bands, there are two new bands at 3360 and 3150 cm1, as-
signed to the free hydroxyls of TEA. Because TEA is not intercalated
in the case of KT5, it can be concluded that TEA is intercalated and
adsorbed in KT3, and that it is only adsorbed at the outer surface of
the layered crystals of kaolinite in KT5.
The as-prepared solids were also analyzed by TGA/DTA. In order
to simplify the TGA/DTA analysis, only the samples of raw kaolinite
(Fig. 4a), K-DMSO (Fig. 4b), and an example for the solids interca-
lated with TEA will be shown (KT1, Fig. 4c).The TGA/DTA analysis of raw kaolinite (Fig. 4a) evidences only
one event with mass loss of 13.7% between 400 and 600 C (TGA
curve). This endothermic event is assigned to the dehydroxylation
of the raw mineral [33], thereby generating meta-kaolinite, which
consists of a mixture of aluminum and silicon oxides [34]. In the
case of K-DMSO analysis (Fig. 4b), it is possible to verify three loss
events. The ﬁrst, with 6.8% mass loss at 100 C, is attributed to
physisorbed water molecules. The second, with 12.4% mass loss be-
tween 120 and 220 C, corresponds to evaporation of DMSO from
the interlayer space. The third, with 12.5% mass loss between
400 and 600 C, is ascribed to the dehydroxylation of kaolinite
[33]. The estimated formulas based on this analysis are shown in
Table 3.
The TGA/DTA analysis for KT1 (Fig. 4c) reveals a different proﬁle
as compared to the previous solids. There is a small mass loss of
1.2% between 100 and 200 C, attributed to organic matter evapo-
ration. Another mass loss of 9.2% between 200 and 400 C and
associated with strong exothermic DTA peaks is assigned to TEA
burning [27]. Evidence of dehydroxylation appears in the 500–
600 C range (11.6%) [18].
The TGA/DTA analysis of raw kaolinite (Fig. 4a) evidences only
one event with mass loss of 13.7% between 400 and 600 C (TGA
curve). This endothermic event is assigned to the dehydroxylation
of the raw mineral [33], thereby generating meta-kaolinite, which
consists of a mixture of aluminum and silicon oxides [34]. In the
case of K-DMSO analysis (Fig. 4b), it is possible to verify three loss
events. The ﬁrst, with 6.8% mass loss at 100 C, is attributed to
physisorbed water molecules. The second, with 12.4% mass loss be-
tween 120 and 220 C, corresponds to evaporation of DMSO from
the interlayer space. The third, with 12.5% mass loss between
400 and 600 C, is ascribed to the dehydroxylation of kaolinite
[33]. The estimated formulas based on this analysis are shown in
Table 3.
The TGA/DTA analysis for KT1 (Fig. 4c) reveals a different proﬁle
as compared to the previous solids. There is a small mass loss of
1.2% between 100 and 200 C, attributed to organic matter evapo-
ration. Another mass loss of 9.2% between 200 and 400 C and
associated with strong exothermic DTA peaks is assigned to TEA
burning [27]. Evidence of dehydroxylation appears in the 500–
600 C range (11.6%) [18].
The morphology of the prepared solids was studied by SEM
(Fig. 5). The raw kaolinite (Fig. 5a) exhibits the pseudo-hexagonal
morphology [8,34] and stands practically unaltered for KT2
(Fig. 5c). Compared to the original sample, the average size of the
particles decrease in the case of KT1 and KT3 (Fig 5b and d, respec-
tively), this behavior is attributed to the longer reaction stirring
time utilized during the preparation of these solids.
3.2. Immobilization of metalloporphyrins on TEA-modiﬁed kaolinite
The FeP and the MnP were immobilized on the prepared KT sup-
ports, and the loading for each immobilized complex is summarized
in Table 2. In general, the loading values are similar to those ob-
tained for the immobilization of these same metalloporphyrins on
other supports [8,17]. However, some observations can be made
about the results. Firstly, the immobilization of the FeP and the
MnP on the raw kaolinite, which was conducted for comparison
purposes, furnishes similar loadings for both metalloporphyrins,
with high values (Table 2, runs 6 and 10). This suggests that the
presence of intercalated DMSO or TEA does not inﬂuence the immo-
bilization process. Secondly, in the case of KT5, where the TEA and
DMSO are only adsorbed at the outer surface, the obtained FeP load-
ing is almost fourfold higher than theMnP loading on the same sup-
port (runs 5 and 9). Thirdly, both the MnP and the FeP present
similar immobilization loadings for the solids containing high
percentage of intercalated TEA (KT3 and KT4), with slight
Fig. 2. XRPD patterns of the raw kaolinite (a), K-DMSO (b), KT1 (c), KT2 (d), KT3 (e),
KT4 (f), and KT5 (g).
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plex, the higher the percentage of intercalated TEA in the solid,
the greater its immobilization loading (loading: KT5 < KT4 < KT3,
runs 7, 8, and 9, respectively). Interestingly, the loading impure kao-
linite is similar to the value observed for KT4. For the FeP complex,
on the other hand, the higher the percentage of TEA in the solids,
lower its their immobilization loading. This fact is clearly evident
if only this variable is taken into consideration (Table 2, runs 1 to
6, immobilization loading of FeP on Kaolinite > KT5 > KT2 > KT4 >
KT1 > KT3). Nevertheless, this same trend is detected when all the
variables are kept constant, as in the comparison between runs 1
and 2, where the only difference lies on the solid support. Finally,
high TEA percentage in the support (KT3) favors the immobilization
of the MnPas compared to theFeP (runs 3 and 7).
The XRPD results for all the immobilized solids prepared herein
(data not shown) do not evidence any modiﬁcation, as compared to
the results previously discussed for the supports (KT1–KT5). This
indicates that the metalloporphyrins are present on the surface
of kaolinite [12]. This behavior has also been described in otherFig. 3. FTIR spectra of the raw kaolinite (a), K-DMSO (b), Kworks involving metalloporphyrins immobilized on clay minerals
[13,18].
Compared to the pure supports (Fig. 3), immobilization of the
metalloporphyrins does not elicit any alterations (data not shown),
and the bands relatives to the metallocomplexes cannot be visual-
ized because of their low concentration in the solids [30]. Only a
small modiﬁcation in the FTIR spectra can be noted when KT3 is
used as support due to the absence of the band at 3370 cm1, attrib-
uted to the OAH vibration of TEA, and the higher intensity of the
band at 1630 cm1, assigned to water angular vibration [35,36].
The disappearance of the band relative to TEA suggests that the
TEA adsorbed on the surface was almost completely washed out
from the solid during the immobilization process. Moreover, the
band at 1630 cm1 indicates that the prolonged contact of KT3
with the aqueous metalloporphyrin solution increased the amount
of water on the solid.
The TGA/DTA analysis of the solids (Table 4) reveals a similar
behavior for all the samples containing supported metalloporphy-
rin, with the loss of wet mass taking place up to 100 C, an exother-
mic organic matter loss occurring between 200 and 370 C [32],
and the dehydroxylation of kaolinite happening between 370 and
600 C [18].
The presence of the immobilized metalloporphyrins on the KT
solids is also evident from the typical color change observed after
the immobilization process (i.e., from white in kaolinite to light
yellow for FeP and light green for MnP). Indeed, the UV–Vis analy-
sis of all the KT solids (Nujol mull) before and after the immobili-
zation process conﬁrms this observation. All the solids containing
the metalloporphyrin display the characteristic Soret band ex-
pected for the immobilized metallocomplex. For instance, KT1-
FeP (Fig. 6b) as well as the other solids containing immobilized
FeP exhibit the typical Soret band at 422 nm, as well as two Q-
bands at 510 and 583 nm.
3.3. Investigation of the oxidation of cyclooctene and cyclohexane by
heterogeneous catalysts
The catalytic activity of the synthesized solids was ﬁrstly inves-
tigated in the case of the oxidation of cyclooctene. This compound
is a cyclic alkene that is very often employed as a diagnostic sub-
strate in catalytic activity tests [8,30,37,38]. In the presence ofT1 (c), KT2 (d), KT3 (e), KT4 (f), KT5 (g), and TEA (h).
Fig. 4. TGA/DTA analysis of the raw kaolinite (a), K-DMSO (b), and KT1 (c).
Table 3
TGA/DTA data for supports based on TEA-modiﬁed kaolinitea.
Support Event 1 Event 2 Event 3 Total Formulab
K-DMSO 12.4% – 12.5% 24.9 Al2Si2O9H40.59DMSO0.13H2O
KT1 1.2% 9.2% 11.6% 22.0 Al2Si2O9H40.04(C6H15O3N)int0.32(C6H13ON)graf0.19H2O
KT2 – 5.8% 12.2% 18.0 Al2Si2O9H40.27(C6H13ON)graf0.11H2O
KT3 6.4% 6.6% 12.0% 25.0 Al2Si2O9H40.17(C6H15O3N)int0.22(C6H13ON)graf0.13H2O
KT4 1.4% 8.5% 14.0% 23.9 Al2Si2O9H40.04(C6H15O3N)int0.60(C6H13ON)graf0.13H2O
KT5 7.5% 5.8% 12.3% 25.6 Al2Si2O9H40.30(C6H13ON)adsor0.47H2O
Kaolinite – – 13.7% 13.7 Al2Si2O9H40.05H2O
a Calculated on dry basis. Event 1 (between 100–200 C): organic mass evaporation. Event 2 (between 200–400 C): organic mass burning. Event 3 (above 400 C):
dehydroxylation. Total: total sample mass loss.
b Proposed formula: int. = intercalated TEA, graf. = grafted TEA, adsor. = adsorbed TEA.
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uct [36].
Table 5 brings the results obtained with the prepared solids
containing either MnP or FeP during the catalytic oxidation of
cyclooctene by PhIO. The homogeneous reactions using the FeP
(Run 1) and the MnP (Run 12) were performed for posterior com-
parison with the results achieved in heterogeneous reactions. In
solution, the MnP gives slightly better cyclooctenoxide yield as
compared to the FeP, as expected. This fact can be attributed to
the higher stability of the manganese active catalytic species as
compared to the iron species [39], generating an intermediate with
longer lifetime.
Yields very similar to those obtained with the metalloporphyrin
in solution are achieved for the FeP immobilized on KT1, KT2 and
KT5 (Runs 2, 3, and 6, respectively), and for the MnP immobilized
on KT5 (Runs 15). This suggests that the complex in the solid mate-
rial is accessible to reactants, and that the immobilization processdoes not affect the catalytic ability of the metalloporphyrin, inde-
pendent of the percentage of TEA on the support where the metal-
locomplex is immobilized (The TEA content in each support is
presented in Tables 2 and 3). The metalloporphyrins immobilized
on KT3 furnish diminished product yields (Runs 4 and 13) as com-
pared to the parent homogeneous systems and, in the case of the
FeP, also in comparison to the KT1 and KT2 supports. This observa-
tion can be explained by the presence of TEA grafted to the kaolin-
ite surface. For example, in the case of KT1, the amount of TEA that
is effectively linked to the inorganic matrix is approximately 50%
higher than that present on KT3. The larger quantity of TEA in
the catalysts may result in a less polar surface, which is more
attractive for the substrate and the oxidizing agent [32]. Because
the porphyrin catalysts are present on the surface of the support,
the fact that they can attract the substrate more easily culminates
in a better catalytic result, as observed here. As for runs 4 and 13,
the immobilized MnP affords slightly better results as compared to
Fig. 5. SEM images of the raw kaolinite (a), KT1 (b), KT2 (c), and KT3 (d).
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neous catalysis.
With respect to the FeP and MnP immobilized on KT4 (Runs 5
and 14 respectively), unexpected results are obtained. The total
yields strongly decrease as compared to the other catalysts. Table
4 shows that KT4-FeP contains a larger amount of surface water,
as compared to KT3-MnP, and the presence of water in the cata-
lysts can modify the catalytic activity [18]. The objective of modi-
fying the surface of the solid with TEA is to create a lipophilic
environment [32]. However, if water molecules are still present
in the solid after the modiﬁcation, an opposite effect can arise,
making the surface hydrophilic [21].
The solids K-FeP and K-MnP (Runs 9 and 18, respectively) also
furnish good results, and the yields are only a little lower than
those attained with KT5-FeP and KT5-MnP (Runs 6 and 15,
respectively). The quantity of TEA intercalated in KT5 is very
small (see Table 2), so TEA is only present on the surface of this
solid.
Investigation of the reuse reactions (Runs 7, 8, 10, 11, 16, 17, 19,
and 20) reveal decreased yield after the ﬁrst reuse for all theTable 4
TGA/DTA data for FeP and MnP immobilized on TEA-modiﬁed kaolinitea.
Support Event 1 Event 2 Event 3
KT1-FeP 1.1 9.7 12.0
KT3-MnP 2.6 5.3 12.3
KT5-FeP 0.7 2.4 13.6
K-FeP 0.3 0 14.0
KT4-FeP 2.5 6.9 13.0
a Calculated on wet basis. Event 1 (up to 100 C): wet loss. Event 2 (between 100–400
mass loss.
b Proposed formula: graf. = grafted TEA.
c Metalloporphyrin mass not involved in the calculation.catalysts, as compared to the initial use. The yields achieved with
the FeP and MnP immobilized on KT5 and K-DMSO are practically
identical in the ﬁrst and second reuse. For example, in Run 7, the
ﬁrst reuse of KT5-FeP generates 48% cyclooctenoxide yield,
whereas in Run 10 the ﬁrst reuse of K-FeP affords 50% epoxide
yield. The decreased yield upon the ﬁrst reuse can be attributed
to the partial leaching of the metalloporphyrin that is weakly
bound to the matrix [3]. As for the second reuse, there is no signif-
icant decrease as compared to the ﬁrst reuse. Because in the cases
of KT5-FeP and KT5-MnP TEA is only present on the surface, the
reaction and the washing process can remove the existing TEA dur-
ing the ﬁrst use, thereby generating a solid displaying a structure
very similar to that of K-FeP and K-MnP, hence justifying the reuse
results.
Finally, the control reactions (with raw kaolinite (Run 21), the
support KT4 (Run 22), and PhIO only (Run 23)) give rise to very
low yields, conﬁrming that the observed catalytic activity is really
due to the immobilized metalloporphyrins. Analysis of all the
supernatants from the reaction by UV–Vis spectroscopy does not
give evidence of any traces of metalloporphyrin in the solution.Total Formulab,c
22.8 Al2Si2O9H40.35(C6H13ON)graf0.17H2O
20.2 Al2Si2O9H40.18(C6H13ON)graf0.40H2O
16.7 Al2Si2O9H40.06(C6H13ON)adsor0.10H2O
14.3 Al2Si2O9H40.04H2O
22.4 Al2Si2O9H40.24(C6H13ON)graf0.39H2O
C): organic mass loss. Event 3 (above 400 C): dehydroxylation. Total: total sample
Fig. 6. UV–Vis spectra of KT1-FeP (a) and KT1 (b).
Table 6
Oxidation of cyclohexane by PhIO catalyzed by FeP and MnP
immobilized on TEA-modiﬁed kaolinitea.
Catalyst Run Cyclohexanol yield%b
FeP 24 20
MnP 25 12
KT4-FeP 26 14
KT4-MnP 27 6
KT5-FeP 28 10
KT5-MnP 29 39
KT5-MnP 1st reuse 30 7
K-FeP 31 12
K-MnP 32 2
Raw kaolinite 33 Trace
KT4c,d 34 Trace
PhIO only 35 Trace
a Reaction conditions: metalloporphyrin/PhIO/substrate
molar ratio 1:20:2000, room temperature, argon atmosphere,
and 1 h of reaction. Homogeneous catalysis was performed
under conditions similar to those employed for heterogeneous
catalysis.
b Yield based on starting PhIO. Only traces of cyclohexanone
were detected for all the reactions.
c Oxidation reaction performed without catalyst.
d Solid KT5 presented similar catalytic behavior to the one
observed for KT4.
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tigated catalysts and allows for future catalyst reuse [3,12].
The catalytic activity of the synthesized materials was also as-
sessed for the oxidation of cyclohexane, a cyclic alkane that is less
reactive than cyclooctene [8,40]. This substrate is also interesting
for selectivity studies, because depending on the catalyst, cyclo-
hexanol and cyclohexanone can be produced [16,38]. Moreover,Table 5
Cyclooctenoxide yields achieved in the oxidation of cyclooctene by PhIO catalyzed by
FeP and MnP immobilized on TEA-modiﬁed kaolinitea.
Catalyst Run Cyclooctenoxideb yield%
FeP 1 67
KT1-FeP 2 71
KT2-FeP 3 71
KT3-FeP 4 48
KT4-FeP 5 34
KT5-FeP 6 70
KT5-FeP 1st reuse 7 48
KT5-FeP 2nd reuse 8 44
K-FeP 9 62
K-FeP 1st reuse 10 50
K-FeP 2nd reuse 11 48
MnP 12 76
KT3-MnP 13 54
KT4-MnP 14 33
KT5-MnP 15 78
KT5-MnP 1st reuse 16 53
KT5-MnP 2nd reuse 17 50
K-MnP 18 69
K-MnP 1st reuse 19 55
K-MnP 2nd reuse 20 53
Raw kaolinite 21 5
KT4 22 8
PhIO onlyc 23 10
a Reaction conditions: metalloporphyrin/PhIO/substrate molar ratio 1:20:2000,
room temperature, argon atmosphere, 1 h of reaction. Homogeneous catalysis was
performed under conditions similar to those employed for heterogeneous catalysis.
b Yield based on the starting PhIO.
c Oxidation reaction performed without catalyst.these products have great industrial applicability as precursors of
many polymers [41].
Table 6 depicts the catalytic results obtained for the oxidation of
cyclohexane by PhIO catalyzed by the solids prepared in this work.
All the investigated solids are selective toward cyclohexanol pro-
duction, since only traces of cyclohexanone can be detected. This
selectivity is frequently observed in systems using supported
metalloporphyrins [6,8,42], which follow a classical oxidation
route [43,44].
It is also noteworthy that this time the FeP afforded better re-
sults than the MnP, for both homogeneous (Runs 24 and 25) and
heterogeneous reactions (Runs 26–32). The only exceptions are
runs 28 and 29, which will be discussed later. This general behavior
is assigned to the higher kinetic stability of the intermediate spe-
cies formed during the catalytic cycle of the MnP, [(MnIV(OH)-
Por)+], as compared to the intermediate species formed during
the catalytic cycle of the FeP, [(FeIV(OH)Por)+] [39]. The overall ef-
fect is a slower recombination between the active species [(MnI-
V(OH)Por)+] and cyclohexane [45], and thus lower product yield,
as compared to [(FeIV(OH)Por)+], for which the recombination is
faster [46].
Immobilization of the MnP on KT5 (Run 29) furnishes good
yields, higher than those achieved with the homogenous system
(Run 25) and with the FeP immobilized on the same support
(Run 28). This result cannot be explained in terms of the presence
or absence of TEA, because the metalloporphyrins supported on
KT4 (Runs 26 and 27) and in K-DMSO (Runs 31 and 32) afford sim-
ilar results. The KT5 solid is different from the others; it contains
TEA, but this is present only on the surface of the solid and is not
intercalated or grafted. The presence of TEA on the surface in high
amount as compared to the other supports where it is grafted or
intercalated can create a co-catalytic effect in the case of the
KT5-MnP solid, because this ligand contains nitrogen atoms [47].
So the nitrogen in TEA may coordinate to the manganese center
in the porphyrin, thus enhancing its catalytic activity [47]. This is
reinforced by the fact that in the ﬁrst reuse reaction (Run 30) there
is a drastic reduction in cyclohexanol yields to 7%, indicating that
the co-catalytic effect no longer takes place. This is because TEA
is washed out during the reaction and washing process, as already
discussed for the oxidation of cyclooctene. No co-catalytic effect is
noted in the case of the FeP.
286 G.S. Machado et al. / Journal of Colloid and Interface Science 374 (2012) 278–286The control reactions using raw kaolinite, KT4, and PhIO (Runs
33–35, respectively) give only traces of cyclohexanol.
4. Conclusions
Raw kaolinite has been modiﬁed using triethanolamine (TEA),
by following the procedure described by Tunney and Detellier
[26] with some modiﬁcations. Five different supports have been
obtained and characterized by Fourier-transform infrared spec-
troscopy, X-ray powder diffraction, Thermal analysis (TGA/DTA),
and scanning electron microscopy. Evidences of TEA grafting and
intercalation have been obtained for almost all of the prepared
solids.
The synthesized supports have been employed for the immobi-
lization of iron(III) and manganese(III) porphyrins. The immobi-
lized complexes have been characterized by Fourier-transform
infrared spectroscopy, X-ray powder diffraction, and thermal anal-
ysis (TGA/DTA). They have also been utilized as catalysts for the
oxidation of cyclooctene and cyclohexane.
Regarding the oxidation of cyclooctene, the epoxide yield depen-
dence on the amounts of TEA and water employed during the syn-
theses of the supports has been evaluated. In general, the catalysts
containing more TEA on their surface afford better catalytic results,
whereas the catalysts with larger water content furnish decreased
total yields as compared to the other heterogeneous catalysts and
with the homogeneous catalysts, as well.
For the supported catalysts, the results attained for the oxida-
tion of cyclohexane oxidation are lower as compared to the parent
metalloporphyrin in homogenous systems. In the speciﬁc case of
KT5-MnP, a co-catalytic effect can be detected due to the interac-
tion between the nitrogen of the TEA ligand present on the surface
of the support and the manganese ion in the porphyrin.
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